ABSTRACT: Despite half a century of research on planarian-gastropod interactions, the population-level impact of planarian predation on littoral pulmonates is not well known. We have quantified the predation of the common lacustrine planaria Dugesia polychroa Schmidt on the ubiquitous snail Physa acuta Drap., a potential keystone grazer in benthic littoral communities, in a high-replicate laboratory experiment. Planarian predation pressure was maintained constant, and experimental populations of P. acuta were size-structured simulating young-rich small groups (re)colonising the habitat (e.g. after release from predation). D. polychroa caused a quick (week 2) reduction in the density of hatchlings and juveniles, followed by significant reduction in the numbers of young (at the onset of reproductive age) and larger, reproductive-age adults (week 3). Planarias did not have any effect on the size of reproductive-age large adults, but oviposition decreased significantly in week 2, and all P. acuta populations in planarian-present aquaria went extinct within six weeks. Dugesiidinduced extinction mainly occurred by precluding population turnover. The results strongly suggest that active predation by D. polychroa on P. acuta can be high under some environmental conditions, effectively preventing the (re)establishment of small, colonising populations of P. acuta in hard-substratum habitats.
The ubiquitous freshwater pulmonate Physa acuta Draparnaud, 1805 is a formidable grazer on detritus and periphyton, while live macrophytes are seldom eaten (SHELDON 1987 , LOMBARDO & COOKE 2002 . P. acuta and the closely related P. fontinalis enhance macrophyte growth even at high nutrient concentrations (JONES et al. 1999 , LOMBARDO 2001 , which would otherwise favour periphytic overgrowth at the expense of macrophyte well-being (MOELLER et al. 1988) , potentially boosting littoral phytoplankton biomass and leading to undesirable decreases in water clarity (SCHEFFER 1998) . Its commonness (e.g. DILLON 2006 ) and high grazing abilities have led LOMBARDO (2001) to postulate a keystone role for P. acuta in macrophyte-based littoral benthic communities, also supporting the use of benthic food-web biomanipulation as a tool to maintain or restore high water clarity in productive shallow lakes (BRÖNMARK & WEISNER 1992 , LOMBARDO 2001 , 2005 . Based on abundant empirical evidence (e.g. HOSPER 1997 and references therein), such biomanipulation emphasises the reduction of benthivorous fish to release snails from predation and (re)boost their densities (e.g. BRÖNMARK & WEISNER 1992) . However, the possible negative effects of small-bodied invertebrate predators on P. acuta and their potential cascading effects on littoral water quality remain much less known.
Dugesiid planarias include aquatic snails in their diet (REYNOLDSON & YOUNG 1963 , GEE & YOUNG 1993 , TRIPET & PERRIN 1994 , SEABY et al. 1995 . However, despite the abundant literature on gastropodplanarian interactions, the regulation of snail populations by planarias remains poorly understood. Major discrepancies lay in laboratory vs. field studies, with the former pointing to high predation pressure on snails (e.g. TRIPET & PERRIN 1994 ) and the latter reporting on coexisting abundant planarian and snail populations (e.g. PYEFINCH 1937 , MACAN 1977 . MACAN (1977) explained the conundrum of natural high-density snail-planarian assemblages with low predatory efficiency by planarias coupled with their ability to withstand long periods of starvation. This argument is partly supported by laboratory findings of predominant scavenging on damaged or recently dead "prey" and/or low affinity for live prey by dugesiid planarias (JENNINGS 1957 , SEABY et al. 1995 . However, some direct evidence of dugesiid predation on live snails exists (REYNOLDSON & YOUNG 1963 , TRIPET & PERRIN 1994 .
While the operculum of prosobranch snails appears to be an effective defense against intrusive predators such as leeches (e.g. BRÖNMARK & MALMQVIST 1986 , KELLY & CORY 1987 , pulmonates like P. acuta may be less protected against such predators. P. acuta has a thin, globose shell whose mouth is larger than the underlying foot, potentially exposing the soft parts to intrusive predators. P. acuta relies heavily on behavioural defences such as shell shaking, fleeing above the water surface, and/or abrupt detachment from the substratum and quick deployment to the water surface thanks to the air bubble under its mantle (WILKEN & APPLETON 1991 , MCCOLLUM et al. 1998 , TURNER et al. 1999 . Such behaviours are typically effective against leeches (BRÖNMARK & MALMQVIST 1986 , WILKEN & APPLETON 1991 , but their effectiveness against planarias remains poorly known.
In a detailed laboratory study with Dugesia lugubris Schmidt, 1861, TRIPET & PERRIN (1994) estimated that on average 2.77 individuals of P. acuta were eaten in each 48-h, multiple-choice trial, a result in apparent stark contrast with LOMBARDO et al.'s (unpublished) findings of very low individual predatory rates by the closely related Dugesia polychroa Schmidt, 1861 on live pulmonates. Both studies were carried out in the laboratory using small hunting arenas (dishes with diameter of~7-10 cm), with estimations of predatory rates extracted from experimental designs that targeted specific aspects of dugesiid predation on P. acuta, namely the effect of shell shape on susceptibility to predation in TRIPET & PERRIN (1994) and predator preference among snails at different stages in their life cycles in LOMBARDO et al. (unpublished) . Furthermore, in a rare direct comparison of parallel field and laboratory studies, KESLER & MUNNS (1989) found much higher losses to predatory insects in the small-setting laboratory experiments, and warned that such high rates were likely overestimates due to low spatial heterogeneity and unnaturally high snail density in the experimental aquaria.
We have quantified the impact of common D. polychroa planarias on small, size-structured experimental populations of P. acuta, simulating small natural populations recovering after reductions in benthivorous fish following a hypothetic benthic food-web biomanipulation. The experiment was conducted indoors using small aquaria (~4 litres) to provide conditions closer to natural than in typical Petri-dish laboratory investigations of planariangastropod interactions (REYNOLDSON & YOUNG 1963 , TRIPET & PERRIN 1994 . Planarian predation pressure was maintained constant at two medium-sized adult individuals per aquarium, while the experimental population structure of P. acuta was initially biased in favour of juvenile individuals. The snail populations were monitored weekly in planarian-present aquaria vs. planarianabsent controls until the last treatment replicate populations went extinct after six weeks.
MATERIAL AND METHODS

STUDY ORGANISMS
P. acuta is a North American species long naturalised in Europe (TAYLOR 2003 , GARCÍA-BERTHOU et al. 2007 . It is very common in permanent, productive lakes throughout western and Mediterranean Europe, including Italy (GIROD et al. 1980 , GARCÍA-BERTHOU et al. 2007 , where it was introduced in the 1860s (CIAN-FANELLI et al. 2007) . P. acuta is still expanding eastward in Europe (MICHALIK-KUCHARZ 2008) , and has been introduced as far as South Africa (WILKEN & APPLE-TON 1991) and Australia (KEFFORD et al. 2003) . Also following the recent species consolidation within the group (DILLON et al. 2002 , WETHINGTON & LYDEARD 2007 , P. acuta is considered one of the most ubiquitous aquatic macroinvertebrates in the world (DILLON 2006) . P. acuta inhabits all types of freshwater ecosystems, including those with moderately high salinity (KEFFORD et al. 2003) , and is particularly tolerant of thermal and organic pollution (GIROD et al. 1980 , COSTIL & CLEMENT 1996 , DILLON 2006 . P. acuta is a generalist herbivorous scraper, feeding on periphyton and decaying plant material and other detritus (REAVELL 1980 , LOMBARDO 2001 . Living macrophyte tissue is eaten only when preferred food is not available (SHELDON 1987 , LOMBARDO & COOKE 2002 . Species identification was based on morphological traits of live individuals using GIROD et al. (1980) and GLÖER & MEIER-BROOK (2003) . Nomenclature follows DILLON et al. (2002) , WETHINGTON & LYDEARD (2007) , and BROWN & LYDEARD (2010) .
D. polychroa is common in warm, productive lakes throughout Italy and much of Europe (BALL & REY-NOLDSON 1981 , YOUNG & REYNOLDSON 1999 , PON-GRATZ et al. 2003 , NORENA JANSSEN 2011 ; it has been introduced in North America in the late 1960s (BOD- DINGTON & METTRICK 1974) , but it does not seem to have spread much from the original area of introduction in southeastern Canada, consistent with its poor dispersal abilities (PONGRATZ et al. 2003 , VERBERCK et al. 2008 . D. polychroa is a wide trophic generalist that includes gastropods in its diet (e.g. REYNOLDSON & YOUNG 1963 , BODDINGTON & METTRICK 1974 , and may additionally act as a scavenger on damaged or recently dead prey (SEABY et al. 1995) . Species identification was based on morphological traits of free and squash-mounted live individuals using BALL & REY- NOLDSON (1981 Pfeiffer, 1821) . P. acuta was not found in Lake Piediluco, and was collected at a similar site in nearby Lake Ventina, where it coexisted with the introduced triclad Dugesia tigrina Girard, 1850. The two source lakes are hard-water, meso-eutrophic, seemingly hydrologically connected, and are located in central Italy within the River Tiber watershed (GAINO et al. 2001) . Planarias and snails were fed ad libitum with natural organic material from the collection sites, integrated with lettuce and commercially available fish food in flakes or pellets. Material from different lakes was kept in separate aquaria. Cultured populations remained abundant and healthy with sustained reproduction through and beyond the experiment period. Collection sites and culturing conditions are described in detail in LOMBARDO et al. (2011a, b) .
EXPERIMENTAL SETUP
The experiment was carried out alongside the culturing aquaria, with animals being thus subjected to the same ambient conditions, including natural sunlight and photoperiod. Effects of D. polychroa on P. acuta were determined as differences between planarian-present treatment aquaria and planarian-devoid controls. Experimental aquaria consisted of small, clear-plastic boxes (23.5×15×14 cm) with~4.25 l of tap water (water depth~12 cm). Two small, rough-surface, clean cobbles were placed at the distant ends of each aquarium bottom to offer refuges and resting places for planarias and/or snails. A~12-15 cm sprig of the periphyton-covered, finely dissected macrophyte Myriophyllum spicatum L., collected in situ in Lake Sinizzo (42°17'N, 13°33'E;~15 km ESE of the city of L'Aquila in the River Aterno watershed)
24-48 h before commencement of the experiment, also was placed in each aquarium to provide oxygen, food (biofilm and senescent plant parts) and refuge for the snails, as the macrophyte semi-firm texture was assumed to be disliked by D. polychroa (KIPP 2007, authors' personal observations) . Macrophyte biomass placed in each aquarium was estimated volumetrically with a narrow-opening graduated cylinder. Tap water was set aside for the previous~36-48 h to reach ambient temperature and lose excess chlorine.
Twenty four such aquaria, equally divided between 12 planarian-present treatments and 12 planarianabsent controls, were placed near a large W-facing window in a 3×8 grid organised in four contiguous blocks of six aquaria each, equally divided between treatments and controls, to distribute the unavoidable gradient in light conditions between treatment and control aquaria. Treatments and controls were assigned randomly within each block.
Two midsize adult planarias (total body length of individuals actively gliding in Petri dishes on 0.5 mm grid paper = 9-10 mm) were placed in each treatment aquarium on 11 June 2008 (t 0 ). Planarias were not subjected to a pre-experiment period of starvation, as any few-days starvation period was considered negligible with respect to the expected experiment duration. P. acuta individuals randomly picked from the culturing aquaria were assigned to three discrete age (size) categories: hatchlings/juveniles (shell height <3 mm), young adults at the onset of reproductive age (3-5 mm), and reproductive-age adults (>5 mm). Reproductive patterns were based on direct observations and published information (PERRIN 1986 , CROWL & COVICH 1990 . Size categories were determined as shell height/length (measured along the shell main axis) of individuals roaming or resting in Petri dishes on a 0.5 mm grid paper for the smallest individuals, or with an electronic precision calliper (instrument error = 0.01 mm) for the larger adults. Two P. acuta individuals per size category were placed in each aquarium at t 0 . Given the paucity of published population-level studies of dugesiid-physid interactions under controlled conditions and an apparent natural mutual exclusion of D. polychroa and P. acuta in central Italian lakes (MASTRANTUONO & MANCINELLI 2005 , authors' personal observations), the initial snail and planarian numbers were assigned semi-arbitrarily, with the purpose of providing a small, "colonising" group of snails and non-negligible yet detectable medium-term predation pressure by planarias. Aquaria thus prepared were left undisturbed until the first census.
Water was replaced and snails were counted in each aquarium every week. Water temperature, pH, and dissolved oxygen concentrations were determined in each aquarium before each weekly routine with a multi-parameter electronic probe. Equipment failure precluded some determinations in week 5 (wk 5 ); however, no obvious qualitative differences in aquarium conditions were observed between aquaria and with contiguous weeks. Aquaria were drained to the last~2 cm of water, snails were counted, and the "spent" macrophyte sprigs were removed along with the bulk of the wastes. Once counted, the snails were placed back in the aquaria after water was refreshed with tap water set aside for the previous 36-48 h. Dead planarias (if any) were replaced with similar-sized individuals from the culturing aquaria, and any planarian individual in excess (i.e. produced through fission) was removed to maintain a constant predation pressure across treatment aquaria and in time. New, freshly field-collected M. spicatum sprigs were also placed in the refreshed aquaria. Aquaria thus refreshed were left undisturbed until the next weekly census. Egg clutches were not removed during the weekly routines, and the number of newly laid clutches was determined as differences between weekly counts.
The weekly determined snail variables included the number of live individuals in the three size categories, the number of newly laid egg clutches, and the shell height of live and dead large adults. As not all empty hatchling shells could be accounted for, net changes in snail densities were determined as weekly differences in the number of live individuals. New hatchlings/juveniles were added in small numbers at the end of the first three weekly censuses (6, 6, and 4 individuals per aquarium, respectively) to provide a small reservoir of freshly hatched individuals, simulating expanding populations in an active recruitment period. The number of hatchling/juvenile individuals added at the end of the first three weekly censuses was based on qualitative observations of general adult-to-juvenile ratios in the culturing aquaria at that moment. Snail counts were expressed as numbers of individuals per aquarium. Though a per snail basis would have been more sensible biologically, the per aquarium basis was adopted also for egg clutches to circumvent the uncertainty derived from the unknown number of sexually mature "female" individuals at any given moment, especially for the age class of young adults, and to standardise statistical procedures and significance levels across snail variables.
An open-end approach was adopted. Aquaria where the snail population went extinct were cleaned and set aside, and counts of zero for all snail size categories were assigned, thus maintaining the balanced 12+12 design until the end of the experiment. Shell height of live or dead large adults was averaged over total counts within each experimental condition. The experiment was terminated once all 12 snail populations in one of the conditions (the treatment) went extinct, at the end of wk 6 on 25 July 2008.
STATISTICAL ANALYSIS
Differences in physico-chemical (e.g. water temperature) and snail variables (e.g. number of individuals) were tested with repeated-measures ANOVAs, simultaneously testing for between-condition differences and temporal changes. Physico-chemical variables were tested also by block. Between-block and treatment-vs.-control average values were additionally compared within each weekly sampling using a Student-Newman-Keuls (SNK) test [equivalent to a one-way ANOVA computed against the model y=av-erage(y) with df=1,22 for treatment-vs.-control comparisons, the default method used by our software]. Repeated-measures ANOVAs could not be applied to snail shell height data because of uneven and sometimes small sample sizes; analysis of such data remained limited to weekly treatment-vs.-control comparisons by means of two-tailed t-tests. Differences and/or temporal changes were considered significant for p£0.05. Count-based data (i.e. number of snail individuals) were square-root-transformed (Anscombe formula: ¢ = + x x 3 8 / ) and all other data were log-transformed [Bartlett's formula:
1 ] before use in statistical procedures (ZAR 2009). Statistical analysis was performed using Addinsoft™ XLSTAT 2011.1.05. Background data for initial conditions were determined at one randomly chosen aquarium per block, and were not included in the ANOVA tests. Numerical pyramids, with the treatment and control P. acuta populations averaged over the 12 replicates, also were constructed for each weekly aquarium-based census, to provide straightforward snapshots of population structure. Due to the descriptive, albeit quantitative, nature of such data, numerical pyramids were not treated statistically.
INITIAL AND GENERAL EXPERIMENTAL CONDITIONS
Block-based initial conditions suggested seasonable temperature (19.2±0.1°C; average±SE, n=4), circum-neutral pH (7.4±0.1; average±SE, n=4), and high oxygen availability (9.4±0.1 mg l -1 and 101.0±1.3% saturation of dissolved O 2 (DO) concentration; average±SE, n=4 for each). Water temperature determined before each weekly sampling routine remained in the~18.1-22.7°C range, pH remained in the slight alkaline range (~6.7-8.6), and dissolved oxygen concentration was always ³7.6 mg l -1 and at near-to super-saturation levels (Appendix Table A1 ). Midday irradiance, determined during randomly chosen sunny days with an aerial PAR-measuring light meter (instrument error <1%), remained in the~10-25 µmol m -2 s -1 range, simulating shaded conditions in shallow littoral zones (LOMBARDO 1995) . Treatment and control aquaria received similar initial macrophyte biovolume (two-tailed t-test on log-transformed data: t=0.444, df=n treatment +n control -2=22, p=0.66). Macrophyte material was later added according to general snail density in each aquarium, in order to minimise or delay limiting conditions for snails regarding this spatio-trophic resource.
As expected from the indoor light gradient from the aquaria placed closest to farthest from the window, background conditions varied significantly by block (Appendix Table A2 ). Physico-chemical background conditions also varied in time, as expected from the semi-natural experimental setting (water temperature), and/or from the adaptively changed macrophyte sprig biovolume (e.g. the temporal increase in DO was likely due to the increased macrophyte sprig biovolume) (Appendix Table A1 ). Despite the temporal and block-based variability, background conditions remained similar for treatment and control aquaria, with no factor interaction with time (Appendix Tables A3 and A4 ).
RESULTS
Temporal changes in the number of P. acuta hatchlings/juveniles, young adults, reproductive-age adults, and newly laid egg clutches were significant (Table 1) . The number of hatchling and juvenile snails became significantly lower in D. polychroa-present aquaria by wk 2 , while treatment-vs.-control differences for young and large adults became significant one week later (Fig. 1, Table 2 ). Snail density in control aquaria appeared to reach stable level by wk 4 , though reproductive output continued to decrease until wk 5 . Parallel decreases in reproductive output in control and treatment aquaria led to insignificant differences in the number of newly laid egg clutches in wk 3 through wk 5 , but oviposition apparently resumed in control aquaria in wk 6 (Fig. 1) . Oviposition in treatment aquaria stopped after wk 4 .
Numerical pyramids also pointed to stable, young-rich P. acuta populations in control aquaria from wk 4 onward (Fig. 2) . The age-class of young adults gradually expanded in control aquaria, but shrank quickly in treatment aquaria, to become extinct in wk 5 (Fig. 2) . Disappearance of juveniles and large adults one week later sanctioned the extinction of all P. acuta populations subjected to D. polychroa predation.
Body size of large, reproductive-age adults progressively decreased in all aquaria, leading to non-significant differences between predation-devoid controls and planarian-present treatment aquaria (Fig. 3,  Table 3 ). Shell height of reproductive-age adults at time of death was somewhat variable, and treatment-vs.-control differences remained insignificant whenever computable (Fig. 3, Table 3 ).
Planarian predation was witnessed in a few instances. Planarias moving around the aquarium and encountering a (small) snail engulfed the shell with their body, while maintaining a firm grip on the smooth-plastic aquarium bottom or walls or the sub- Table 1 . Repeated-measures-ANOVAs for the hatchlings+juveniles (Juv, shell length <3 mm), young adults (Ad1, shell length = 3-5 mm), large adults (Ad2, shell length >5 mm), and newly laid egg clutches (Egg) in Fig. 1 Tables 1 and 2 Fig. 2. Numerical pyramids describing the control and treatment P. acuta populations during the 6-week experiment, using the average values reported in Fig. 1 . Juvhatchling and juvenile individuals (shell height <3 mm), Ad1 -young adults at the onset of reproduction (shell height = 3-5 mm), and Ad2 -reproductive-age adults (shell height >5 mm). P. acuta went extinct in all 12 treatment aquaria by week 6 merged stones, immobilising the snail. The shell was then turned upside down, while the planaria inserted its ventral pharynx into the shell opening, and started to digest the snail's body externally (Fig. 4) . The entire body was extracted from the shell in a few minutes. Prey capture was either very quick and successful, or the attacked snail managed to escape unharmed within a few seconds; prolonged struggles were never observed. Planarias did not appear to actively chase prey; encounters seemed to have been largely random and casual. D. polychroa captured and consumed the prey individually; the gregarious behaviour commonly displayed by other dugesiids (e.g. D. tigrina: CASH et al. 1993 , authors' personal observation) was never observed. Planarias were seldom observed, and attacks were never observed, on the M. spicatum sprig. The few surviving P. acuta individuals in planarian-present aquaria were typically found on the macrophyte sprig during wk 4 and onward. Fig. 3 . Shell height of live and dead reproductive-age P. acuta adults during the 6-week experiment (average ± SE, n as given at the base of each bar). Differences between planarian-absent controls and planarian-present treatments, determined with weekly two-tailed t-tests, were either not significant or not computable (NC: n ctrl and/ or n treat <2). Detailed statistical results are in Table 3   Table 3 . Results of the two-tailed t-tests comparing average shell height for live large adult snails and for large adults at death in treatment-vs.-control aquaria, displayed graphically in Fig. 3 
DISCUSSION
The negative effect of D. polychroa on P. acuta was unequivocal (Figs 1 and 2 ). Direct observations of planarias capturing and consuming small prey (juveniles and, less commonly, young adults: Fig. 4 ) strongly suggest that the almost-immediate significant decrease in the number of juvenile snails was due to active predation. The observed mode of D. polychroa predation on P. acuta was similar to that described by KOOPOWITZ (1970) for large-bodied, South African marine flatworms preying on limpets on sandy beaches. Similar predatory methods for such geographically and size/habitat-wise distant taxa suggest that free-living, predatory planarias share behavioural traits in addition to morphological characteristics, consistent with the relatively low placement in the evolutionary hierarchy of the phylum Platyhelminthes. Failure to account for all the juveniles (alive + empty shells) in planaria-present aquaria during the weekly censuses however suggests that at least some of the smallest snails were ingested whole, including the shell. Apparently "casual" encounters and the absence of active prey chase suggest that snails may be an occasional prey, supporting the view that dugesiid planarias are passive scavengers rather than active predators (JENNINGS 1957 , SEABY et al. 1995 , and that, when actively preying, preference is for small prey, with snails probably serving as a "refuge" prey to relieve interspecific competition in species-rich triclad communities (e.g., REYNOLDSON & YOUNG 1963) .
Absence of further changes in the number and relative abundance of the three snail age/size classes from wk 4 onward (Figs 1 and 2 ) suggests that control aquaria had reached carrying capacity by that time, despite the progressively increased macrophyte sprig biovolume. Such an interpretation is supported by the temporal variation in the number of non-predatory casualties among large adults in control aquaria (n values in the bottom panel of Fig. 3) , displaying a peak during wk 3 and wk 4 and a return to low numbers afterward. Resumed oviposition in wk 6 also supports a return to an equilibrium once carrying capacity was reached after the initial density overshooting peak in wk 3 -wk 4 . Stabilised control populations however remained young-rich, and the casualties among the largest (=oldest) size/age classes were counterbalanced by new hatchlings (Fig. 2) despite a decline in reproductive output (Fig. 1) , thus allowing population turnover.
The slightly delayed decline in the number of reproductive-age adult snails was preceded by a sudden crash in reproductive output in the presence of D. polychroa (Fig. 1) , suggesting that planarian effects on larger snails may have been a combination of direct, active predation (especially when "preferred" smaller individuals began to be scarce) and an indirect inhibition of foraging and reproductive activity. The much quicker decline in younger (shell height = 3-5 mm) than larger (shell height >5 mm) P. acuta adults aligns with D. polychroa's "preference" for smaller prey and suggests that young adults were probably subjected to both direct predation (Fig. 4) and indirect effects on behaviour (decreased activity). Indirect effects may have been relatively more important for the larger adults, whose average size remained the same in planarian-present and control aquaria (Fig. 3) . A scavenging action of planarias on weak or moribund large snails was also possible (SEABY et al. 1995) .
Though direct evidence for planaria-snail interactions is not available, our hypothesis is supported by earlier observations of behavioural modifications (especially the inhibition of foraging activities) for Physa heterostropha (=P. acuta: DILLON et al. 2002) in the presence of molluscivorous sunfish (MCCOLLUM et al. 1998) , and for other North American physids in the presence of fish and/or crayfish predators (ALEX- ANDER & COVICH 1991a , b, TURNER et al. 1999 ). The sudden, albeit temporary, crash in reproductive output in our planarian-present P. acuta populations may be due, additionally or alternatively, to adult snails holding oviposition while diverting resources to growth, in an attempt to reach a size refuge. Such a hypothesis is supported by the ability of some North American species of Physa to modify their life history (specifically, by delaying reproduction while growing) in response to crushing predators such as crayfish (CROWL & COVICH 1990) . Direct predation by D. polychroa on P. acuta eggs, while not impossible, was likely negligible (LOMBARDO et al. 2011b ). Further declines in P. acuta oviposition in our predator-present aquaria may be due to a combination of direct predation and predator-induced decreased activity for larger, reproductive-age snails. Such negative effects of planarias were quantitatively and qualitatively similar to the effect of substratum and/or food limitation occurring once the control P. acuta populations reached carrying capacity in wk 4 , as treatment-vs.-control differences in weekly oviposition realigned to non-significant levels after wk 2 (Fig. 1) . The combined direct predation by D. polychroa on hatchling and juvenile snails, and the likely indirect inhibitory effects on larger, reproductive-age snails, eventually led to the local extinction of P. acuta by precluding population turnover (Fig. 2) , despite a likely negligible direct effect on snail eggs (LOMBARDO et al. 2011b) .
Our results support the high predation rates on freshwater snails found in other laboratory investigations (KESLER & MUNNS 1989 , TRIPET & PERRIN 1994 ), but do not support the natural coexistence of dugesiid planarias and pulmonate snails observed in the field (PYEFINCH 1937 , MACAN 1977 , MASTRAN-TUONO & MANCINELLI 2005 . The interpretation of our results in the light of the available decades-old literature on planarian-snail interactions and our own observations in the field lead to multifaceted considerations and intertwining aspects. General result agreement with findings from earlier laboratory investigations suggests that our own experimental setting, though larger than "typical" Petri dishes (TRIPET & PERRIN 1994) , or than the~2.5 l aquaria in KESLER & MUNNS's (1989) experiment, may have remained unnaturally small, with predator-prey encounters thus more frequent than in the wild. However, our~4 l aquaria with small-bodied organisms provided a larger arena than KESLER & MUNNS's (1989)~2.5 l aquaria with much larger-bodied lymnaeid gastropods, and may represent the largest experimental arena (i.e. the closest to natural conditions) for this kind of investigations to date.
As in the studies of KESLER & MUNN (1989) , who also added some substratum (lettuce leaves) to provide cover, spatial heterogeneity in our experimental aquaria may have remained too low to protect snails from predation. Our M. spicatum sprig appeared to be a refuge habitat, as the vast majority of the few surviving snails in end-of-experiment planarian-present aquaria were found on it, while planarias appeared to avoid the soft-textured sprig. (The latter observation agrees with an apparent natural "preference" for hard substrata by D. polychroa: e.g. MASTRANTUONO & MAN-CINELLI 2005 , KIPP 2007 , and authors' personal observations.) However, hungry snails may have wandered away from the sprig in search of food, or they may have been weakened and rendered more vulnerable via indirect inhibition of (foraging) activity.
Additionally or alternatively, planarias may have "superspecialised" as active predators on snails following the initial exposure to the experimental no-choice conditions, thus behaving like switch predators (sensu MURDOCH et al. 1975 ). An apparent overspecialisation of D. polychroa on gastropods in snail-rich British habitats (REYNOLDSON & YOUNG 1965 ) but on tubificids (by far the most abundant benthic taxon) in gastropod-poor Toronto Harbour (BODDINGTON & METTRICK 1974 ) strongly suggests a high degree of trophic opportunism in addition to supporting our hypothesis. LOMBARDO et al. (unpublished) did not find significant predation on live P. acuta and other snail species using D. polychroa freshly (24 h) collected from multiple-prey culturing aquaria, and TRIPET & PERRIN (1994) observed significant predation by Dugesia lugubris long habituated to a P. acuta, ad-libitum mono-diet in culturing conditions, also supporting our hypothesis, which however needs to be tested with an ad hoc study. If D. polychroa behaved as a switch predator, predatory pressure increased with time in the experimental aquaria, and may have led to unnaturally high predation rates on snails.
However, individual body growth for D. polychroa is allometric, with lengthwise growth accompanied by quicker lateral growth, leading to disproportionately wider large planarias, especially when the food supply is abundant (BODDINGTON & METTRICK 1974, authors' personal observations) . D. polychroa individuals released from intraspecific competition for food (which is probably the main factor regulating free-living freshwater planarias: REYNOLDSON & YOUNG 1963 , 1965 , BODDINGTON & METTRICK 1974 , GEE et al. 1998 ) therefore grow progressively "fatter", implying an ever-increasing demand for maintenance energy. D. polychroa's individual allometric growth supports its possible behaviour as a switch predator and is in agreement with VERBERK et al. 's (2008) view of D. polychroa as a high-maintenance taxon. We have observed a marked allometric growth in the experimental D. polychroa approximately halfway through the experiment, indeed suggesting high food intake. Peaks in body growth in un-manipulated dugesiid field populations are typically observed in spring, when planarian densities are low and food availability high (REY- NOLDSON & YOUNG 1963 , 1965 , BODDINGTON & MET-TRICK 1974 , GEE et al. 1998 , suggesting that high planarian predation rates occur naturally at least during parts of the year. D. polychroa's individual allometric growth, its trophic opportunism, fast population growth to reach carrying capacity (REYNOLDSON 1977) , and high adaptability to the available food supply also suggest that D. polychroa, like most other dugesiid planarias, may quickly respond to and take advantage of pulse food inputs. In this light, the high predation pressure by D. polychroa on P. acuta in our experimental aquaria may easily reflect natural conditions following release from benthivorous fish predation on snails following typical benthic food-web biomanipulation (BRÖNMARK & WEISNER 1992 , HOSPER 1997 . Our 4 l experimental aquaria thus may have provided a sufficiently large arena to reflect realistic conditions associated with biomanipulation-derived or springtime snail densities. The temporal extent of such a strong regulatory effect of D. polychroa on P. acuta remains however unknown, with ad hoc, more comprehensive studies needed to formulate a satisfactory answer. An approach with experiments using larger and/or more spatially heterogeneous aquaria may provide an acceptable combination of controlled and realistic conditions to investigate the mechanism(s) regulating dugesiid-gastropod interactions.
Whatever the mechanism(s) involved, D. polychroa effectively prevented the small, young-rich, "colonising" populations of P. acuta from establishing in the experimental aquaria (Figs 1 and 2) , strongly suggesting that D. polychroa may preclude the (re)colonis-ation of P. acuta in hard-substratum, spatially homogeneous natural habitats. Absence of P. acuta (not even as old, empty shells washed ashore) at the triclad-rich collection site in Lake Piediluco since the early reconnaissance visits in 2007 supports our hypothesis. P. acuta is common and widespread in other calcium-rich lakes throughout central Italy, where we have never observed it coexisting with D. polychroa (though abundant P. acuta may coexist with as abundant populations of the non-native D. tigrina, as at the collection site in nearby Lake Ventina). Numerical rarity of otherwise common pulmonate species at the dugesiid-rich collection site in Lake Piediluco also suggests some predatory (or otherwise regulatory) action of D. polychroa on other pulmonate snails, while the commonness of the prosobranch B. leachii at the site suggests that the operculum may be an effective defence against dugesiid predation. However, other potential snail predators (e.g. leeches) were present at the site, and specific studies are needed to support this hypothesis.
While our results may explain the absence of P. acuta in Lake Piediluco and at other similar stony-bottomed, dugesiid-rich sites, D. polychroa's aversion to yielding substrata (e.g. macrophyte sprigs) suggests that this dugesiid may allow the (re)establishment of P. acuta in soft-substratum (i.e. habitats conducive to macrophyte (re)growth) and/or vegetation-rich habitats. The occasional presence of D. polychroa in such habitats (MASTRANTUONO & MANCINELLI 2005) thus may not influence the (re)establishment of littoral pulmonates -and of the potential keystone P. acuta in particular -in recently biomanipulated, soft-bottom shallow lakes, where the recovery of the submerged vegetation is also actively sought for management purposes (BRÖNMARK & WEISNER 1992 , LOMBARDO 2005 . Table A1 . Average (± SE) background conditions during the 6-week experiment, by experimental condition (treatment and control: top) and by block (blocks 1 through 4: bottom). T -water temperature; DO -dissolved oxygen concentration; %DO -percent saturation of dissolved oxygen; Macr -macrophyte sprig biovolume. Week-5 pH, DO, and %DO are missing because of temporary instrument failure (NA -not available) 
